Cannabis use disorder (CUD) commonly occurs and carries a notable economic and functional burden at both individual and societal levels. While there are no clearly efficacious medication treatments for CUD, 20 years of committed and high-quality research in the human laboratory and clinical settings have resulted in medications with demonstrated effectiveness in the treatment of cannabis withdrawal, the ability to reduce cannabis use, and results that point to promising future work. The current state of pharmacology research for CUD highlights the need to consider particular characteristics of patients, such as gender, impulsivity, and severity of cannabis use, when selecting a medication in the off-label treatment of CUD or cannabis withdrawal. As a field, the body of work also exposes some areas in need of improvement in study design, selection of outcome measures, interpretation of results, and the overall process of evaluating candidate medications. Coming to a consensus as a field and addressing these gaps in future research will likely lend itself to further advances in improving the lives of patients with CUD.
INTRODUCTION
In terms of large-scale epidemiology, worldwide, cannabis is the most commonly used illicit psychoactive substance, and third overall, coming after alcohol and tobacco (UN Office on Drugs and Crime, 2015) . It is estimated that anywhere from 8 to 12% of regular cannabis users will develop moderate-severe cannabis use disorder (CUD) over time (Moss et al, 2012; Perkonigg et al, 2008) . In the United States, 4.2 million people have past-year CUD (SAMHSA, 2015) . CUD results in significant impairment and disability (Degenhardt et al, 2013) , psychiatric and medical morbidity, poor performance, and legal consequences (Dennis et al, 2002) . Fifteen percent of all substance abuse treatment admissions were related to cannabis as the primary, presenting problem in 2014, amounting to roughly 300 000 people seeking treatment for a CUD in the United States (SAMHSA, 2016) . While this is only a small proportion of the estimated 4.2 million people who have CUD, there is a clear demand for treatment.
Most heavy cannabis users interested in changing their use, are unsuccessful when left to their own devices (Hughes et al, 2016) . Evidence-based psychotherapies have been studied to treat CUD, and various approaches have been shown to have clinical utility (Budney et al, 2000; Budney et al, 2006; Copeland et al, 2001) . These include motivational enhancement treatment (MET), cognitive behavioral therapy (CBT), and contingency management (CM), all of which have demonstrated effectiveness in reducing frequency and quantity of cannabis use, but abstinence rates remain modest (~20% continuous abstinence rates) and decline after treatment (Gates et al, 2016) . Generally, MET is effective at engaging individuals who are ambivalent about treatment. CM can lead to longer periods of abstinence during treatment by incentivizing abstinence, and CBT can work to enhance abstinence following treatment (preventing relapse). Longer duration of psychotherapy is associated with improved outcomes (Sherman and McRae-Clark, 2016) . Notably, access to evidence-based psychotherapy is frequently limited (Olmstead et al, 2012) , and poor adherence to evidence-based psychotherapy by therapists is common (Martino et al, 2009; Santa Ana et al, 2008) . Further, implementing CM techniques, including financial based incentives or vouchers can be challenging and requires a creative and motivated treatment setting. In addition, coverage for psychotherapy from insurance companies is frequently limited both in number of sessions and reimbursement. Because of this, recent interest and promising studies utilizing technology to provide adherent psychotherapy demonstrates a role in the treatment of CUD (Tait et al, 2013) . The same issues with in person delivery in terms of success rates appear to apply to technologically delivered psychotherapy, in addition to being a nascent field requiring further research and the development of interfaces with larger scale implementation capabilities.
Given the nature of CUD and limitations noted above with psychosocial interventions, effective pharmacotherapy for CUD has been a goal of researchers and clinicians in the field of addiction treatment. Research into pharmacotherapy for CUD has steadily grown from the late 1990s and early 2000s to the present. Though a relatively new area of research compared to investigations into treatments for other substance use disorders, a number of studies have been completed across a variety of pharmacological targets and a number of reviews on the topic have been previously published (Balter et al, 2014; Gorelick, 2016; Sherman and McRae-Clark, 2016; Vandrey and Haney, 2009) . Despite these efforts, to date, there are no FDA-approved medication treatments for CUD. While the completed studies provide valuable information and insight into some potential benefits and clinical utility with regards to the off-label use of medications in specific patient groups and settings, no medication treatment has emerged with enough empirical evidence to provide clear-cut recommendations for treatment.
Here we will present the conceptual framework and rationalizations that have driven the research into possible pharmacotherapy treatment options for CUD, the investigatory models that have provided the data, key limitations of what has been done, a summary of clinical strategies that currently make sense based on the available evidence, and future directions to pursue. For the purposes of this review, we will focus predominantly on placebo-controlled medication trials in the human laboratory and clinical treatment settings for the primary treatment of CUD. We will briefly touch on open-label work that provided the rationale for some of these presented placebo-controlled studies in addition to some work as it is relevant to the treatment of CUD in the context of co-occurring disorders. However, given the scope and breadth of the article and current findings, we will not explore these other areas in great detail.
TWO STUDY MODELS
All of the placebo-controlled clinical trials exploring candidate medications have occurred in either the (1) human laboratory or (2) the traditional clinical treatment trial. In the former model, participants, who are daily or almost daily cannabis users, many of whom meet criteria for CUD (Pacek and Vandrey, 2014) , are brought into the controlled inpatient and/or outpatient laboratory settings. These participants are generally more highly compensated (relative to the treatment trials), which may influence motivations for participation in the studies. In addition, because of the exposure to opportunities to smoke cannabis, participants identify as non-treatment-seeking given the ethical quandary of offering a drug of abuse to individuals attempting to quit or reduce their use. The model of the human laboratory serves as a less costly, more quickly completed, highly controlled environment to trial possible medications as treatments for CUD. Because of the predominantly, within-subject, cross-over designs, a smaller number of participants are needed to achieve the power necessary to identify a signal. Further, the human laboratory has the benefit of identifying important potential interactions between candidate medications and cannabis, in addition to controlling for cannabis use, intoxication, controlled cessation, withdrawal, and relapse. This model postulates that the outcomes would be predictive of those in clinical settings. On the basis of this assumption, negative results would preclude the need to do future expensive and time intensive treatment trials while positive results would identify candidate medications to study further (Haney and Spealman, 2008) . The placebo-controlled human laboratory studies of candidate medications for the treatment of CUD are summarized in Table 1 .
The latter setting of the clinical treatment trial enrolls individuals meeting Diagnostic and Statistical Manual of Mental Disorders (DSM) criteria for CUD who are seeking treatment (wanting to change their cannabis use) and offering them exposure to medication or placebo that has some reasoning for its potential therapeutic effects on reducing cannabis, though not yet proven efficacy. This setting more closely reflects community-based treatment in physician offices or hospitals, as compared to the human laboratory. This provides the benefit of being more generalizable to the impact a medication may have if utilized in patients' naturalistic settings; however, because fewer factors are controlled for, there are more confounders that may impact results. In addition, participants in this research setting are compensated less relative to the human laboratory participants, so the battery of assessments needs to be more concise so as not to prove too extensive a burden on the individuals' time. Ultimately, candidate medications need to demonstrate positive effects on treating CUD in fully powered trials in this setting to translate into clinical recommendations. The placebo-controlled clinical treatment studies of candidate medications for the treatment of CUD are summarized in Table 2 .
CANNABIS WITHDRAWAL-A STARTING POINT
Despite much earlier laboratory, community, and outpatient study evidence supporting it as a clinically relevant phenomenon, cannabis withdrawal was only first recognized by the DSM in the Fifth Edition (2013) (DSM-V) and adopted by the United States in the International Classification of Diseases Tenth Revision (2015) (ICD-10). The adoption by ICD-10 finally provided a billable (and reimbursable) diagnosis for clinicians. Cannabis withdrawal is defined by DSM-V as having three or more of the following signs and symptoms that develop within 1 week after abrupt reduction or the cessation of prolonged cannabis use: (1) irritability, anger, or aggression; (2) nervousness or anxiety; (3) sleep difficulty (eg, insomnia or vivid dreaming); (4) decreased appetite or weight loss; (5) restlessness; (6) depressed mood; and (7) at least one of the following physical symptoms that causes discomfort: abdominal pain, shakiness/tremors, sweating, fever, chills, or headache (APA, 2013) . Notably, the DSM-V does not include craving as a symptom of cannabis withdrawal, though this particular symptom has generally been identified as an important factor in CUD, cannabis withdrawal, and is a common outcome measure in CUD treatment trials. We know that cannabis withdrawal symptoms may be present within the first 24 h and overall peak within the first week, lasting up to1 month following last use (Bonnet and Preuss, 2017) . Biologically there is evidence that cannabis withdrawal is associated with the downregulation of brain cannabinoid-1 (CB-1) receptors as a result of chronic use. When cessation (or relative cessation) of activity at CB-1 receptors occurs, the deficiency results in interference with other neurotransmitter systems, leading to the above-mentioned symptoms (Bonnet and Preuss, 2017) . Cannabis withdrawal is clinically significant because of the unpleasant symptoms that can interfere with daily functioning in addition to serving as a negative reinforcer driving relapse and ongoing use of cannabis (Allsop et al, 2012) . Research in the treatment of CUD began in the human laboratory by selecting pharmacological agents that would improve specific signs or symptoms and/or attenuate cannabis withdrawal more globally when cannabis cessation was induced in the lab. Although this is the rationale utilized by many of the clinical treatment studies, this has not been as well defined in the design and assessments in this setting. Measures, such as the Cannabis Withdrawal Scale, which synthesized all of the previously available scales and provided a validated checklist of symptoms (Allsop et al, 2011) , is not routinely used to measure cannabis withdrawal in the treatment trials.
Withdrawal was a good starting point for the assessment of medications for the treatment of CUD and helpful to treat in and of itself for the comfort of patients abstaining or reducing cannabis use. However, it appears based on the available evidence to date that for most patients medications that are effective in treating withdrawal are likely not sufficient as monotherapies at reducing cannabis use or resulting in abstinence. Here we can take a lesson from tobacco-smoking cessation, as nicotine replacement therapy (NRT) is generally not sufficient as a monotherapy for most patients trying to achieve smoking cessation and the combination of other pharmacological agents (eg, bupropion or varenicline) with NRT in conjunction with counseling is now the gold standard of treatment (Stead et al, 2008; Mills et al, 2012) .
NON-CANNABINOID MEDICATIONS

Noradrenergic Agents
Some of the earliest work investigating medication as a potential treatment for CUD looked at antidepressants with noradrenergic reuptake inhibition. At the time, Budney et al (2008) demonstrated that there was notable overlap in the phenotypes of cannabis withdrawal and nicotine withdrawal, including irritability, physical tension, anxiety, insomnia, and low/depressed mood Vandrey et al, 2008) . Sustained release bupropion (Zyban), an atypical antidepressant in that it mainly inhibits the reuptake of norepinephrine and dopamine with limited action on serotonin, had recently been approved by the FDA (1997) for tobacco-smoking cessation, prompting interest in its potential for the treatment for CUD. Clinically, bupropion is considered a more 'activating' atypical antidepressant and is commonly utilized in the off-label treatment of ADHD when stimulants are not recommended. Haney et al (2001) first looked at sustained release bupropion's effects on cannabis withdrawal. The study made use of a combination outpatient maintenance medication phase and inpatient crossover design. Participants were nontreatment-seeking heavy cannabis users who were initially maintained on either double-blinded sustained release bupropion or placebo. These participants smoked active marijuana for the initial part of the inpatient phase followed by placebo marijuana (no Δ-9-tetrahydrocannabinol; THC) to precipitate withdrawal from cannabis. Sustained release bupropion had few effects when participants smoked active marijuana; however, during the placebo marijuana phase, compared to placebo medication, participants had worse ratings of irritability, restlessness, depression (feeling miserable), and trouble sleeping on sustained release bupropion. It was concluded that bupropion exacerbates cannabis withdrawal and would have no utility in the treatment of CUD (Haney et al, 2001) .
In a similarly designed human laboratory study in the same participant population, Haney et al (2003) looked at nefazodone as a candidate medication. Nefazodone is an antidepressant that similarly to bupropion functions as a norepinephrine reuptake inhibitor in addition to having functions as a serotonin reuptake inhibitor and serotonin 2 A receptor antagonist effects. Nefazodone was selected because of previous findings of its impact on reductions in cravings in a different drug of abuse (cocaine) (Kampman et al, 1999) and its clinical effects on improving sleep and anxiety. In the human lab study, nefazodone reduced anxiety and muscle pain during cannabis withdrawal but had no impact on sleep disturbances or irritability. The study concluded that nefazodone likely did not have a role in the treatment of CUD (Haney et al, 2003) .
Following these two human laboratory studies, Carpenter et al (2009) completed a clinical trial of either sustained release bupropion or nefazodone vs placebo for CUD in conjunction with coping skills therapy. The trial was a 13-week outpatient study of treatment-seeking individuals with cannabis dependence by DSM-IV. Goals of the study were to assess these two medications in the treatment of cannabis withdrawal and overall maintenance treatment for CUD . Given the two human laboratory studies completed by Haney et al (2001 Haney et al ( , 2003 that were negative, the rationale was that the differences in setting (inpatient human laboratory vs outpatient clinic setting), patient population (treatment-seeking vs non-treatmentseeking), and dose limitations (fixed vs adjustable to patient side effects; subacute vs chronic), warranted a larger clinical trial follow-up from the laboratory studies. Notable findings included no change in cannabis use severity (as measured by CGI) or change in symptoms of sleep, irritability, or anxiety in either active medication arm compared to placebo. Notable problems included high dropout rates (only 49% completed medication and only 43% completed the entire trial), leading to a small number of participants in each arm, 
Baseline cannabis use: 6.8 ± 0.6 days/week; 28. Baseline cannabis use: daily cannabis users (7 and 30 days); $5/ day ($3-$10); PBO, 0.5 g/day (0.3-0.9 g/day); dronabinol, 0.6 g/ day (0.4-0.9 g/day) Age: PBO, 38.4 ± 9.2 years; dronabinol, 36.9 ± 10.8 years Gender: N = 28 women randomized (N = 12 on dronabinol) Cigarettes/nicotine use not reported Haney et al (2001 Haney et al ( , 2003 , reached the same conclusion that neither of these medications had sufficient evidence for their clinical utility in the treatment of cannabis withdrawal or CUD. In this instance, the human laboratory data predicted the larger clinical trial results. Despite these two negative trials Haney et al, 2001 ), a subsequent study of bupropion was completed. Penetar et al (2012) utilized the same dose of sustained release bupropion in a randomized, placebocontrolled, double-blind trial between subjects design. The authors utilized a paradigm similar to those used in tobacco cessation trials with a medication lead-in phase (day 8 target quit day). Participants were included if they currently met DSM-IV criteria for cannabis abuse or dependence (which differed from Carpenter et al (2009) ) in addition to having at least 3 previous years of heavy use (smoking 5 out of 7 days per week or greater than 25 times per month) plus a past experience of 2 or more negative symptoms of cannabis withdrawal in previous quit attempts. The study was a blend between outpatient clinic setting and human laboratory, requiring time intensive participation on daily visits Monday-Friday for 21 days and weekly MET sessions. Findings included no significant difference between groups in terms of marijuana withdrawal. In the placebo group, post study day 8/'quit day', marijuana withdrawal scores increased significantly in placebo group compared to the bupropion group. Further, the percent change in craving scores were significantly elevated following marijuana cessation in placebo group compared to bupropion group during the withdrawal weeks. Not surprisingly, there were no significant differences between the groups by Actiwatch or sleep diary. The study was notably underpowered and had significant participant attrition. Though the authors surmised that the findings were promising for the possibility of bupropion in the treatment of marijuana withdrawal, this is overstated (Penetar et al, 2012) . There are a number of problems with the study, mainly the small number of completers (N = 9) on which the findings are based. These individuals that provided weakly positive results were likely highly motivated and committed given the laborious study visits. The authors did not provide reasoning for the high dropout rates, but poor tolerance of the medication due to side effects, as shown in the human lab study (Haney et al, 2001) , may be one possibility. Further, the measure of cannabis withdrawal (Marijuana Withdrawal Checklist) used in this study is not a sensitive instrument and has been subsequently shown to not represent cannabis withdrawal (Allsop et al, 2011) . While phenotypically, nicotine and cannabis withdrawal appears similar, and sustained release bupropion is effective and FDA-approved for tobacco-smoking cessation, the results of these studies suggest underlying neurobiological differences that do not provide enough evidence to make the medication a viable treatment option for CUD.
The interest in noradrenergic agents has continued in the search for effective CUD treatments. Atomoxetine is a highly selective inhibitor of the presynaptic norepinephrine transporter with low abuse potential. It is FDA-approved for the treatment of ADHD. Because of its action on reuptake inhibition, it increases both synaptic dopamine and norepinephrine mainly in the prefrontal cortex, but not in subcortical areas where there are few noradrenergic nerve terminals (Benn and Robinson, 2017) . Tirado et al (2008) studied atomoxetine with flexible dosing (25-80 mg daily) in an open-label trial in 13 subjects with DSM-IV cannabis dependence to determine feasibility, safety, and tolerability in this population (Tirado et al, 2008) . Using a rationale outside of its utility for withdrawal in this open-label study, the authors justified using atomoxetine on observations that cannabis users have symptoms similar to individuals with ADHD, including impairments in attention, executive functioning, and response inhibition. While they found a trend (but not ultimately statistically significant) toward reduction in cannabis use with an increase in percent abstinent days as measured by the Timeline Followback (TLFB) (though not confirmed with collected urinalysis), only 8 subjects completed the study and~80% of the subjects experienced significant gastrointestinal side effects of nausea, vomiting, dyspepsia, and loose stools, with two subjects withdrawing due to these side effects. Because of these findings, the authors concluded that atomoxetine did not have a role in the treatment of CUD due to its intolerability in the patient population. Notably, cognitive or behavioral measures of attention, executive functioning, or response inhibition were not measured (Tirado et al, 2008) .
Following this open-label trial of atomoxetine for CUD, McRae-Clark et al (2010) published a 12-week outpatient clinical trial of atomoxetine for the treatment of both CUD and ADHD. The authors reasoned that ADHD and CUD highly co-occur together, and as generally accepted in the substance use disorders literature, that treating co-occurring illness frequently improves substance use. In addition to the medication treatment, both groups received MET. While participants on atomoxetine had positive changes in ADHD CGI-Improvement scores, there were no group differences in ADHD symptoms or scores on cannabis use outcomes. Further, participants in the atomoxetine group had notable side effects with all participants on active medication reporting some side effects and with gastrointestinal side effects being 2.25 times higher as compared to placebo. Of note, only 15% of the initially randomized participants completed the trial. The authors did not fully elucidate the reasons for high attrition in the study, but as demonstrated in the open-label trial, atomoxetine produces significant side effects in cannabis users (McRae-Clark et al, 2010) .
Additional evidence demonstrates the potentially adverse outcomes associated with the use noradrenergic agents in the treatment of CUD. Levin et al (2013) looked at extended release venlafaxine in the outpatient treatment of cannabis dependence and co-occurring major depressive disorder or dysthymia. Venlafaxine-extended release was selected because of its dual action on serotonin and norepinephrine reuptake inhibition, hypothesizing that improved mood would reduce cannabis use. Primary outcome measures, including abstinence from cannabis as confirmed by urine toxicology and self-report for 2 consecutive weeks in addition to the Hamilton-Depression (HAM-D). Results demonstrated that both groups had improvement in mood; however, abstinence rates were low and worse on venlafaxine-extended release (11.8% on active medication vs 36.5% on placebo) (Levin et al, 2013) . A secondary analysis (Kelly et al, 2014) demonstrated that the venlafaxine group had more severe withdrawal symptoms, despite not changing their cannabis use. The authors concluded that the worse 'withdrawal symptoms' were likely secondary to commonly occurring side effects of venlafaxine that may have contributed to continued cannabis use.
A final published study from the human laboratory in a model of relapse prevention, examined mirtazapine. Mirtazapine is an antidepressant that enhances noradrenergic and serotonergic transmission by blocking presynaptic inhibitory alpha 2 autoreceptor, resulting in sedation and increased appetite. Many cannabis users identify the sedative and appetitive benefits of cannabis. Insomnia and decreased appetite are problematic symptoms in withdrawal. Haney et al (2010) investigated mirtazapine as a candidate medication in the treatment of CUD. The authors demonstrated that mirtazapine improved food intake and sleep during withdrawal; however, it had no effects on preventing relapse and no impact on other symptoms of cannabis withdrawal, including mood. Though potentially useful in targeting insomnia and food intake during cannabis withdrawal, mirtazapine monotherapy is likely not sufficient as treatment for CUD .
Data from the literature on noradrenergic agents suggest that non-stimulant cognitive and mood-enhancing medications are not promising compounds for the treatment of CUD. At best, they may be used to target some specific symptoms of cannabis withdrawal and at worst, they may cause intolerable side effects, particularly gastrointestinal, and/or exacerbate cannabis use.
Serotonergic Agents
Building off of the idea of treating specific symptoms of cannabis withdrawal, interest developed in agents with low abuse potential to treat anxiety. Anxiety was thought to be a major factor in the continued use of cannabis. Previous studies had demonstrated that anxiety correlated with increased cannabis withdrawal (Budney et al, 1999) and was associated in the use of cannabis to cope (Buckner et al, 2008) . Further, it was shown that reductions in anxiety led to reductions in cannabis use (Buckner and Carroll, 2010) . Buspirone, the serotonin 1A partial agonist used clinically in the treatment of anxiety and augmentation of antidepressants for depressive disorders, was selected as a candidate agent in the treatment of CUD because of preclinical evidence that the serotonin system had a significant role and interaction with cannabinoids (Hill et al, 2006; Gomes et al, 2011; Zanelati et al, 2010) . It was hypothesized that buspirone's anxiolytic effects may be helpful in preventing a relapse to cannabis use (McRae-Clark et al, 2009) .
Following an open-label trial demonstrating tolerability and a pilot controlled trial that demonstrated buspirone led to a reduction in the percentage of positive urine cannabinoid tests among treatment completers (McRae-Clark et al, 2009) , this same research group completed a fully powered randomized controlled trial of buspirone for the treatment of CUD (McRae-Clark et al, 2015) . This larger study also looked to explore the impact of serotonin allele variations on buspirone treatment response. Interestingly, this study did not assess withdrawal symptoms, despite buspirone's anxiolytic activity and the notable symptom of anxiety in cannabis withdrawal. While 90% of the sample received at least one dose of medication, less than half of the participants completed the trial. There was no effect of treatment on cannabis use outcomes with overall low abstinence rates. Craving decreased across both groups over time, and the serotonin 1A receptor genotype had no relationship with outcomes. The authors identified that the included participants in the study had low anxiety as measured with the HAM-A and exclusion criteria eliminated individuals with significant psychiatric disorders or who were taking other psychoactive substances. The authors suggested that buspirone may be helpful for individuals with CUD and cooccurring anxiety disorders, though this is speculative. An important finding that likely has clinical treatment implications was that women had a greater likelihood of having a negative urine cannabinoid test if they were on placebo (12.9%) as compared to buspirone (2.4%), while men were more likely to have a negative urine on buspirone (8.7% compared to 4.5%). There were fewer women in the previous pilot controlled trial (McRae-Clark et al, 2009 ) as compared to this study, which was one identified factor the authors reasoned may have contributed to the difference in outcomes across the two trials (McRae-Clark et al, 2015) . This finding suggests that gender appears to be a critical independent variable in the development and evaluation of new treatments for CUD, though few studies are published examining its role in treatment outcomes.
Weinstein et al (2014) also looked at the selective serotonin reuptake inhibitor, escitalopram in combination with CBT, and its effects on abstinence rates in CUD. The authors found that the medication provided no benefit over placebo. Overall, the study demonstrated a low rate of abstinence, with no significant difference between active medication and placebo, and once again, high participant attrition (Weinstein et al, 2014) .
Despite these negative studies of a selective serotonin reuptake inhibitor and serotonin 1 A active agent, in conjunction with one additional negative study of the use of fluoxetine (selective serotonin reuptake inhibitor) in the treatment of CUD and co-occurring depressive disorders in adolescents (Cornelius et al, 2010) , McRae-Clark et al (2016) explored vilazodone in the treatment of CUD. Vilazodone has serotonin 1 A agonism in combination with selective serotonin receptor inhibition. The authors reasoned that vilazodone's dual action would more effectively target the withdrawal symptoms of anxiety and depression, yet similarly to the gap in the buspirone trial, cannabis withdrawal symptoms were not assessed as an outcome. The authors found that while both groups reduced their use during the study, there was no benefit to being on vilazodone, and overall abstinence rates were low. Though the sample was underpowered and had high attrition, gender differences were explored and found a nonsignificant trend that men treated with vilazodone had an increased likelihood of lower urine cannabinoid levels than women on active treatment, suggesting important gender implications in treatment choice , as was previously found with buspirone. The population had low baseline levels of anxiety and depression so changes could not be assessed, though the authors concluded that anxiety and depression may not be clinically relevant targets in medication treatment for CUD.
While there are inconsistencies in the rationale driving the selection of treatment agent with outcome measures assessed, the studies investigating serotonin 1 A active agents do contribute a helpful clinical perspective in terms of elucidating a key and influential clinical characteristic on treatment selection and thereby outcomes for CUD-gender. A human laboratory study evaluating for sex differences found that women may be more sensitive to the subjective effects related to the abuse liability of cannabis relative to men, which could potentially lead to greater challenges in finding successful treatments . This may be a factor in the findings by McRae-Clark et al (2015 ) that women did worse than men with regards to their clinical response. In most of the published studies evaluating novel agents for the treatment of CUD, men make up the majority of the participants leading to statistical barriers in exploring the role of gender. However, when powered to do so, gender may be playing an important role in the findings and should be explored.
The work to date exploring antidepressants and atypical anxiolytics appear to have limited value in the treatment of CUD other than for the potential treatment of comorbid conditions or targeting specific symptoms that trouble patients (ie, food intake and sleep). Further, medication selection likely depends on specific patient characteristics, such as gender.
Gama Aminobutyric Acid Agents
Targeting specific symptoms of depression or anxiety did not prove fruitful in the treatment of CUD. Following the reasoning that cannabis withdrawal results in a broader range of symptoms, including irritability, mood lability, temper outbursts, anxiety, insomnia, and nausea, research looked to utilizing medications that mitigate these symptoms. The next phase of studies explored the use of classic mood stabilizers and antiepileptic drugs.
In 2004, two studies were published looking at divalproex in the treatment of CUD: one in the human laboratory setting (Haney et al, 2004) ; and one pilot-controlled trial in an outpatient clinic setting (Levin et al, 2004) . Haney et al (2004) found that while divalproex decreased craving during abstinence it also increased ratings of being anxious, irritable, tired, 'bad effect', worsened mood, and cognitive performance. Levin et al (2004) conducted the first trial in a clinic setting exploring pharmacological treatment for CUD using divalproex. As this was the first outpatient medication treatment trial for the CUD, the primary aims differed from future studies. The authors aimed to evaluate (1) whether cannabis-dependent participants would seek pharmacological treatment, (2) whether they can be maintained in an outpatient medication treatment trial, and finally (3) whether participants reduced self-report of frequency and amount of cannabis use in addition to irritability on divalproex sodium (titrated based on blood levels between 50 and 120 μg/ml). Findings concluded that cannabis-dependent individuals were interested in seeking outpatient medication treatment and could engage throughout the trial. As predicted by the human lab findings, while both groups reduced cannabis use and had reductions in irritability, divalproex had no added benefit. Further, it appeared participants were poorly adherent to the medication as reflected in low blood levels of divalproex sodium. Both the human laboratory and outpatient clinical treatment trial concluded that divalproex sodium has no role in the treatment of CUD.
In line with trying to reduce cannabis withdrawal symptoms, other medications with gamma aminobutyric acid (GABA) receptor activity have been studied as potential treatments for CUD with some promising findings. Haney et al (2010) investigated baclofen. Bacolfen is a GABA-B receptor agonist approved for the treatment of spasticity in neurological disorders like multiple sclerosis. The authors reasoned that the medication's sedating properties may help to alleviate cannabis withdrawal. Further the authors cited evidence from previous studies of baclofen's ability to reduce self-administration (Haney et al, 2006) and improve mood symptoms (Addolorato et al, 2000) in the context of other drugs of abuse (cocaine and heroin) as further support for its role in treating CUD. While Haney et al (2010) found baclofen dose dependently reduced craving for cannabis, baclofen did not reduce relapse nor did it have an effect on mood. Contradictory to the hypothesized effect, baclofen worsened one measure of sleep and cognitive performance, leading the authors to conclude that its overall utility in the treatment of cannabis withdrawal or CUD was limited .
Investigation of the GABA-A agonists has proven more promising. Vandrey et al (2011) looked at extended release zolpidem specifically for treating sleep difficulty in the context of cannabis withdrawal in a human laboratory model of abstinence. The authors reasoned that sleep difficulty is consistently rated as one of the most severe symptoms in cannabis withdrawal . The authors also highlighted how this may negatively impact attempts to stop ............................................................................................................................................................. cannabis use given previous findings that sleep difficulty frequently contributed to relapse during times of abstinence on quit attempts . Using the gold standard of polysomnography (PSG) for objective sleep measures, in conjunction with subjective ratings and nextday cognitive performance measures, Vandrey et al (2011) found that extended release zolpidem attenuated the effects of abstinence on sleep architecture as measured with PSG in addition to improvements in subjective ratings of sleep quality. There were no significant side effects or negative impact on next-day cognitive performance (Vandrey et al, 2011) . The authors concluded that it may be useful as an adjunctive medication treatment for CUD. Though not acknowledged in the paper, zolpidem is a benzodiazepinereceptor-like drug and has been found to have greater abuse potential than other sleep agents, dangerous withdrawal symptoms when dependence is established, and problematic side effects, including parasomnias in the context of amnesia (Keuroghlian et al, 2012) . The potential for misuse and negative health effects should be considered if zolpidem is used to target insomnia in patients with CUD. Consistent with the above findings, a secondary analysis of a study looking at lithium carbonate for CUD (Johnston et al, 2014) found that individuals who received nitrazepam as needed for insomnia had improved objective measures of sleep as recorded with actigraphy, though subjective ratings of sleep did not change (Allsop et al, 2015) .
Gabapentin is a medication that indirectly modulates GABAergic mechanisms through its blockage of the alpha 2d subunit of voltage-gated calcium channels at selective presynaptic sites. Preclinical evidence demonstrated that gabapentin modulates an anxiogenic-like state as a result of increased extrahypothalamic corticotrophin-releasing factor in cannabis withdrawal states, restoring brain homeostasis in the context of stress (Roberto et al, 2008) . Further, clinical evidence showed gabapentin reduces craving and disturbances in sleep and mood in alcohol withdrawal and enhanced cognitive performance (Ghaemi et al, 1998; Lo et al, 2010; Mason et al, 2009) . A pilot-controlled trial by Mason et al (2012) investigated the role of gabapentin in the treatment of CUD. Gabapentin demonstrated significant reductions in urine cannabinoids, self-report of cannabis use, withdrawal symptoms including craving, and problems secondary to marijuana use. Gabapentin also improved executive functioning in the study, though it could not be determined whether it was a direct effect of gabapentin or a secondary effect as a result of improved withdrawal and decreased cannabis use. Though medication adherence was high, study completion was poor as with previous trials, with only a 36% completion rate. The authors identified younger age of first cannabis use, years of daily cannabis use, cannabis withdrawal severity, impaired ability to inhibit impulses, and difficulty processing complex information as predictors of dropout. Targeting these factors that have malleability may improve outcomes across CUD treatment trials. Though a relatively small placebo-controlled pilot, overall findings from this study provided encouraging evidence for the use of gabapentin in the treatment of CUD (Mason et al, 2012) . A larger, fully powered controlled trial is pending results and will provide more conclusive evidence for the role of gabapentin in treating CUD (NCT0094376).
A final study of GABAergic medications by Miranda et al (2016) looked at topiramate in adolescents and young adults in the treatment of CUD. Topiramate blocks voltagesensitive sodium and calcium channels that results in the potentiation of GABA with enhancement of GABA-A receptor function in addition to antagonist activity at AMPA/kinate glutamate receptors. This activity was reasoned to be helpful in potentially decreasing the acute reinforcing effects of cannabis. In a placebo-controlled pilot of youth with CUD, the authors found that while abstinence rates were not different between the groups, participants receiving topiramate reduced their use significantly as measured in grams per day. However, the youth poorly tolerated the topiramate and this arm had higher dropout rates compared to the placebo group, with participants identifying side effects as the primary reason for leaving the study. While the authors concluded that the poor tolerance of the medication and lack of efficacy on abstinence rates likely suggest limited utility in the treatment of CUD, we find the topiramate's effects on reducing grams of cannabis used per day encouraging (Miranda et al, 2016) . Slower titration and lower doses of medication in addition to a good working treatment alliance with a patient with close follow-up may mitigate the risk of patient dropout from treatment to achieve reductions in cannabis use. Further, adults may tolerate the medication differently than youth. Topiramate has demonstrated clinical utility in the treatment of other substance use disorders in adult populations, including nicotine and alcohol (Anthenelli et al, 2017) .
GABA-A agonist sleep agents and other medications with GABA-A activity, such as gabapentin and topiramate, show promise in the treatment of CUD to target difficulties with sleep as a result of withdrawal and/or maintenance treatment of CUD by decreasing cannabis use, respectively. Larger, fully powered placebo-controlled trials need to be completed.
CANNABINOID APPROACHES
CB-1 Receptor Agonists
Agonist approaches have been considered in the treatment of CUD given the success of conceptually similar treatments for nicotine and opioid use disorders. Agonist medication not only has the benefit of suppressing withdrawal, but also may attenuate the acute effects of drug use. The former is key in preventing relapse during quit attempts, and the latter in initiating and maintaining abstinence or reduced use. Generally, an ideal agonist substitute in the treatment of substance abuse has the following properties: low abuse potential; less hazardous route of administration; functions to reduce withdrawal symptoms and craving; decreases the reinforcing effects of the target drug, in this case, cannabis and its most psychoactive component THC, and leads to an improvement in functioning (Balter et al, 2014) . A number of human laboratory studies have looked at dronabinol, oral THC, which has FDA indications for the treatment of anorexia associated with AIDS and second-line treatment for nausea and vomiting associated with cancer chemotherapy in doses up to 20 mg/day. Hart et al (2002) evaluated the dose effects of dronabinol on subjective effects of smoked cannabis. This study found that 80 mg, but not 40 mg, attenuated the subjective effects of smoked cannabis, noting a 50% reduction in 'good effect. ' Haney et al (2004 was the first to look at oral THC and its effects on cannabis withdrawal and a model of relapse, finding that dronabinol decreased certain withdrawal symptoms including craving, decreased food intake, physical symptoms, and mood disturbance, without producing intoxication, but failed to prevent relapse as compared to placebo (Haney et al, 2004; . Budney et al (2007) looked at two doses of dronabinol in an outpatient human laboratory study of non-treatment-seeking heavy cannabis users. The authors found that while both doses reduced withdrawal symptoms, the higher dosage produced additional suppression of symptoms such that ratings returned to baseline when participants were smoking as usual (ie, limited to no withdrawal symptoms) (Budney et al, 2007) . Vandrey et al (2013) examined dose effects of dronabinol. The authors found that dronabinol dose-dependently decreased withdrawal symptoms with few adverse effects or problems with cognitive performance (Vandrey et al, 2013) . Surprisingly, he did not demonstrate any alteration in subjective effects of smoked cannabis on any dose, as was previously found in Hart et al (2002) , though attenuation in increases in heart rate were seen. In summary, the human lab studies of oral THC have some mixed results regarding its impact on subjective effects of smoked cannabis in addition to failing to prevent relapse, though provided strong evidence for the role of oral THC (dronabinol) in dose-dependently attenuating withdrawal at higher than FDA-approved doses in nontreatment-seeking, heavy cannabis users.
Providing further proof of concept that the human lab can serve as a predictive model for clinical trials, Levin et al (2011) studied dronabinol in a fully powered placebocontrolled trial for the treatment of CUD. Primary cannabis outcomes included the TLFB. While urine was collected for cannabinoid testing in the placebo group to correlate selfreport, urine results in the dronabinol group were not used due to the medication's confounding effects on urine cannabinoid testing. Levin et al (2011) found no effect of dronabinol on abstinence compared to placebo, though withdrawal symptoms were significantly lower and study retention was greater (77% vs 61%) on dronabinol compared to placebo. Notably, pre-treatment withdrawal symptoms were not assessed to provide a baseline measure to compare to results during treatment. The comparison of dronabinol to placebo with regards to withdrawal also included all study participants and not just those who reduced or abstained from cannabis, suggesting that changes in 'withdrawal' may be encompassing other factors as well. As a result, it is difficult to assess the magnitude with which dronabinol suppressed withdrawal; however, given the limitations, the findings are consistent with the human lab findings.
Moving toward combination strategies, , looked at oral THC in conjunction with lofexidine for its effects on cannabis withdrawal, craving, and relapse in the human lab. Lofexidine was selected because of its reported favorable side-effect profile compared to other alpha 2 adrenergic agonists (eg, clonidine and guanfacine) in conjunction with preclinical data demonstrating that noradrenergic hyperactivity contributes to withdrawal from cannabinoids (Hart et al, 2005) . The study found that THC alone again decreased a subset of withdrawal symptoms, but failed to decrease relapse. Lofexidine alone was found to have side effects of sedation and worse abstinence-related anorexia but did improve sleep and decrease relapse to smoking cannabis. As hypothesized, the combination provided the most robust improvements in sleep, reductions in cannabis withdrawal, craving, and relapse with 50% of the participants choosing not to purchase puffs of cannabis for the duration of the relapse phase .
Following the robust results of this human lab study, Levin et al (2016) took the combination of dronabinol and lofexidine to the clinic setting. This time, however, there was a discrepancy between the lab and clinic setting findings. There was no difference between active medication and placebo with regards to self-reported rates of abstinence, and both groups showed reductions in cannabis use over time with half of all patients reporting a reduction in use of 50% or more (Levin et al, 2016) . There was also no difference in withdrawal scores over time. There was an overall low percentage of participants completing the medication phase, particularly in the active medication arm, and lower doses were required given intolerable side effects, including dry mouth, intoxication, and hypotension. Surprisingly, the combination treatment was not more effective than placebo for promoting abstinence, reducing withdrawal symptoms, or retaining individuals in treatment. Some key differences between the lab study and the clinic setting included (1) tolerance to the medication and dosing, (2) duration of medication treatment, (3) inpatient vs outpatient setting, and (4) relapse prevention vs abstinence initiation design, all of which likely factored into the differences in the studies' outcomes. Future studies should factor in these considerations, particularly when translating human laboratory findings to the clinical setting.
The mostly negative results of dronabinol in the treatment of CUD likely has to do with its poor bioavailability (Bedi et al, 2013) , in conjunction with the differences in study designs. Its slow onset and long duration of action can decrease craving and symptoms of withdrawal at doses that should produce minimal intoxication and thereby give it a role in this specific component of treatment. However, its mixed effects on attenuating subjective effects and inability to impact reductions or abstinence rates in the clinic setting suggest it is not sufficient as a monotherapy or in combination with lofexidine in the treatment of CUD.
Given the issues with dronabinol, research has pursued other agonist formulations with better medication profiles as potential treatments for CUD. Nabilone, a DEA Schedule II (dronabinol is Schedule III) potent synthetic cannabinoid is currently FDA-approved up to 6 mg/day for the second-line treatment of nausea and vomiting related to cancer chemotherapy treatment. It has better oral bioavailability, improved efficacy, and a more linear dose effect than dronabinol (Bedi et al, 2013) . Because it is a synthetic THC analog, it has distinct urinary metabolites that do not crossreact with THC metabolite assays allowing for monitoring with urine cannabinoid testing as usual (unlike dronabinol, which is synthetic THC). To date, two human laboratory studies using nabilone, one as a monotherapy and one in combination with zolpidem, have demonstrated encouraging results for its role in the treatment of CUD.
Haney et al (2013b) looked at dose effects of nabilone and compared it to placebo in the human lab setting to assess its impact on cannabis withdrawal and relapse (Haney et al, 2013b) . The study found that both doses of nabilone significantly decreased cannabis self-administration as a model of relapse, in addition to reducing ratings of irritability and 'bad effect' during precipitated abstinence. High-dose nabilone (8 mg) also decreased craving. Nabilone reversed abstinence-induced sleep disturbances and changes to food intake. Placebo was associated with better performance on the cognitive tasks during abstinence. This study demonstrated that nabilone significantly reversed characteristic and problematic symptoms of cannabis withdrawal in addition to decreasing a model of relapse, by not only decreasing cannabis self-administration but reducing the use of cannabis in those who had relapsed from their baseline use. While there is a theoretical risk of abuse that is greater with nabilone than oral THC, at least in this study, participants reported few subjective effects from nabilone. It is likely that nabilone's properties as a long-acting and slow onset of action agonist may make it less likely to have the abuse liability of smoked cannabis. Overall, nabilone shows promise as a medication treatment in the prevention of relapse, particularly using the lens of harm reduction. The authors concluded that further research of nabilone for the treatment of CUD is needed in the clinic setting and in the context of abstinence initiation. Interestingly, a subsequent secondary analysis of this study in addition to four other lab studies (lofexidine, dronabinol, mirtazapine, and quetiapine) found that individuals who smoked tobacco cigarettes had a much greater likelihood of relapse to cannabis than nontobacco smokers (Haney et al, 2013a) , identifying a key factor that is rarely looked at in CUD treatment trials. Cigarette smoking may be a marker for greater severity of CUD and/or it may be contributing to the limited effects of medications seen in treatment trials and should be assessed in future studies.
Given the positive lab findings of nabilone and zolpidem as monotherapies, a combination of the two medications was evaluated in the human lab as compared to zolpidem monotherapy (Herrmann et al, 2016) . In this study, heavy cannabis users were evaluated for their experience of cannabis withdrawal symptoms and relapse. The study found that while both medication exposures decreased withdrawal-related sleep disturbances, only the combination attenuated withdrawal-related mood and food changes in addition to decreasing self-administration of active cannabis. While neither medication treatment changed cognitive performance, the combination medication did produce modest increases in abuse-related subjective ratings of capsules. It can be surmised from this second lab study that nabilone drove the decreases in self-administration and should be evaluated in clinical treatment trials for CUD. One limitation of the study was the fourth treatment arm of nabilone monotherapy was not included for comparison.
A final agonist formulation of nabixmols has been investigated for its role in the treatment of cannabis withdrawal and CUD. Nabixmols contains extracts from the Cannabis sativa plant. These include THC, which would provide the agonist action, and cannabidiol (CBD), a cannabinoid with proposed effects on attenuating paranoia, euphoria, anxiety, and depression (Vermersch, 2011) . They are in a 1:1 ratio that is administered through buccal spray that provides a more rapid onset of action and more favorable pharmacokinetics as compared to oral THC (Vermersch, 2011) . Allsop et al (2014) looked at nabixmols during an inpatient admission followed by a 28-day period without medication. The study found that nabixmols significantly reduced the overall severity of cannabis withdrawal compared to placebo during the inpatient admission, including reductions in symptoms of irritability, depression, and craving, with limited but positive improvements in sleep, anxiety, appetite, physical symptoms, and restlessness. Nabixmols further reduced the time course of withdrawal symptoms during the inpatient admission by almost 2 days . Patients receiving nabixmols stayed in inpatient treatment longer, reported no greater intoxication, could not distinguish it from placebo spray, and had no difference in the number or type of adverse events. Though there were no differences in time to relapse after discharge from the inpatient setting, both groups reported reduced use of cannabis as confirmed with urine cannabinoid testing at follow-up, suggesting that inpatient treatment may be a stimulus for reduced use. Alternatively, inpatient treatment for CUD may also select for the most change-oriented and motivated patients. Given the positive impact on withdrawal but the lack of maintenance nabixmols treatment, a followup trial is now underway. It is not surprising that acute detoxification without maintenance medication treatment did not lead to differences in abstinence, reductions in cannabis use, or time to relapse following treatment, as this is consistent with other acute substance abuse treatment episodes without continued care. A recent open-label outpatient case series demonstrated good tolerability of nabixmols in addition to reductions in cannabis use, craving, and withdrawal, warranting further exploration of nabixmols in the treatment of CUD (Trigo et al, 2016a; Trigo et al, 2016b) . As the added benefit of CBD is debatable, future trials should also do a direct comparison of nabixmols to another agonist, such as nabilone or oral THC, and if possible, by same route of administration (buccal).
What About CBD Alone?
It has been proposed that CBD may attenuate the euphoric effects of smoked THC and reduce intoxication (Morales et al, 2017) ; thus, it has been investigated as a potential treatment for CUD. CBD has a varied and complex mechanism of action, with no direct effects at CB-1 receptors. Given its potential therapeutic benefit, Haney et al (2016) completed a human lab study to assess the influence of a range of single doses of CBD on the reinforcing, subjective, cognitive, and physiological effects of smoked cannabis as compared to placebo during eight outpatient sessions. In this systematic study, the authors found that acute oral CBD pre-treatment did not alter subjective, reinforcing, or cardiovascular effects of smoked cannabis in heavy cannabis users . While they did not study chronic administration nor the same route of administration as the nabixmols study (oral vs buccal), both of which may have important implications for the impact of medication treatment (Haney and Spealman, 2008) , the investigators concluded that oral CBD likely does not have a role as a potential medication treatment for CUD. The authors' findings suggest that the results from the Allsop et al (2014) study may have been driven by the THC in nabixmols.
CB-1 Receptor Antagonists
The use of antagonist approaches by directly decreasing the subjective and reinforcing effects of a drug of abuse has demonstrated success in the treatment of other substance use disorders. Rimonabant is a high-affinity CB-1 receptor antagonist. Human lab studies of both a single high dose (90 mg) of rimonabant (Huestis et al, 2001) , and repeated lower doses (40 mg) demonstrated reduced physiological and subjective effects of smoked cannabis (Huestis et al, 2007) . However, the serious adverse psychiatric effects of rimonabant, including anxiety, depression, and suicidality leading to the discontinuation of its use in clinical trials preclude further investigation or feasibility of its role in the treatment of CUD (Roberfroid et al, 2010) . It is speculated that the rimonbant's inverse agonist properties may be responsible for these adverse effects and that the development of a neutral antagonist may be a promising treatment in CUD (Balter et al, 2014) . Preclinical studies are currently evaluating these potential agents (Gueye et al, 2016) , and those with promising preclinical findings and evidence of safety should be investigated in future clinical research.
In summary, medications with CB-1 receptor agonism are effective in treating cannabis withdrawal. CB receptor agonists' role in the overall treatment of CUD is yet to be determined. Promising human laboratory work with nabilone and recent evidence of nabixmols in the inpatient treatment setting warrant further investigation into their usage in initiating abstinence or reductions in cannabis use in the outpatient treatment setting in addition to how maintenance treatment following inpatient detoxification may further prevent relapse. Oral CBD does not appear to have a role in treating CUD, though further investigation with regards to the effects of route of administration and combination with THC should be pursued. CB-1 receptor antagonists with a more favorable side-effect profile are in preclinical testing stages (Gueye et al, 2016) , and promising agents may have a role in the treatment of CUD.
OTHER AGENTS?
Naltrexone
Other agents have been considered in the reduction of positive and subjective reinforcing effects of cannabis, including the mu opioid receptor antagonist, naltrexone. While one human lab study demonstrated that acute treatments with different doses of naltrexone before smoking cannabis increased the positive subjective effects of cannabis in non-treatmentseeking heavy cannabis users , a second placebo-controlled human laboratory study with chronic naltrexone administration demonstrated a significant reduction in both active cannabis self-administration and selfreport of positive effects as compared to placebo (Haney et al, 2015) . The effects continued outside the lab. Maintenance administration of naltrexone more accurately represents the use of this medication in the clinical setting. Given that chronic administration of naltrexone has been shown to reduce self-administration in the lab, further investigation of this medication in outpatient treatment settings is warranted.
N-acetylcysteine
N-acetylcysteine (NAC) is a widely available, over-thecounter supplement. NAC is a prodrug of the amino-acid cysteine. Cysteine has an important role as a main component in the cysteine-glutamate exchanger, which controls glutamate levels. Because of increasing interest in the role of glutamate in substance use, NAC was investigated as a candidate pharmacotherapy for CUD. Following an encouraging open-label pilot trial (Gray et al, 2010) , Gray et al (2012) completed a fully powered randomized controlled trial of NAC for the treatment of CUD in adolescents and young adults. Participants in the NAC group had more than twice the odds of having a negative urine cannabinoid test compared to placebo. NAC was well tolerated with minimal adverse events. A secondary analysis of this study identified important characteristics of the participants that resulted in a differential treatment effect. Low baseline impulsivity, high medication adherence, and low baseline severity of cannabis use as measured by urine cannabinoid levels predicted a better treatment outcome with higher likelihood of negative urine testing (Bentzley et al, 2016) . Future research should consider assessing these factors to better understand the effects of medications.
Identifying these subgroups of participants that may benefit from the mitigation or enhancement of these malleable factors (such as impulsivity or medication adherence) will likely lead to improvements in CUD treatment. This study was recently replicated in adults (Gray et al, 2017) , but the overall results of the study were negative, with NAC showing no demonstrative benefit as compared to placebo. However, post hoc analyses demonstrated that the younger adults had better outcomes, suggesting a possible age effect on treatment (Gray et al, 2017) .
Lithium Carbonate
Following the same reasoning behind the selection of the GABAergic agents, lithium carbonate was studied for its potential impact on mood stabilization with the added benefit of a reduction in depression during cannabis withdrawal (Johnston et al, 2014) . Preclinical evidence demonstrated lithium-reduced symptoms of cannabis withdrawal by stimulating release of oxytocin (Cui et al, 2001) . Clinical evidence from an open-label pilot showed lithiumameliorated cannabis withdrawal symptoms (Winstock et al, 2009) . There was also speculation that lithium may help eliminate THC through its actions on metabolism and excretion (Johnston et al, 2014) . For these reasons, Johnston et al (2014) explored the use of lithium carbonate in adults with CUD who were admitted to an inpatient unit for detoxification from cannabis. Unlike the previous treatment studies in the outpatient setting and similarly to human laboratory studies, the controlled inpatient environment induced cannabis withdrawal with known cessation of cannabis use. Withdrawal symptoms were measured with greater confidence in their underlying etiology, as compared to ambiguity in the outpatient setting as a result of less controlled factors. Results demonstrated no significant impact of lithium over placebo on withdrawal symptoms in the inpatient setting in addition to no differences in inpatient retention, adverse events, plasma oxytocin, or cannabinoid levels. While the study was underpowered to fully detect a difference, the authors still concluded that lithium carbonate likely has no role in the treatment of acute cannabis withdrawal symptoms (Johnston et al, 2014) .
Quetiapine
Quetiapine is an atypical antipsychotic with a complex mechanism of action involving serotonin 2 A, dopamine 2, histamine 1, adrenergic alpha 1 and 2 receptor antagonism, serotonin 1 A partial agonism, and inhibition of the norepinerphrine transporter. Because of these multiple sites of action, quetiapine is a multifunctional medication with effects on reducing insomnia, stabilizing mood, and improving appetite. Cooper et al (2013) studied the effects of quetiapine 200 mg as compared to placebo on cannabis withdrawal and relapse in the human laboratory. Compared to placebo, this dose of quetiapine improved sleep quality, increased caloric intake, and decreased weight loss during withdrawal. However, quetiapine paradoxically increased cannabis craving and self-administration of cannabis during the relapse phase. On the basis of the findings, the authors concluded that while quetiapine successfully attenuated key symptoms in cannabis withdrawal, it did not demonstrate an ability to reduce relapse to cannabis and may even exacerbate craving, potentially driving cannabis use ).
An open-label pilot of chronic dosing of quetiapine (600 mg max daily dose) resulted in reduced dollar amount of cannabis used as confirmed with a reduction in urine cannabinoid levels by almost 50% . Participants had side effects of fatigue and somnolence, and reduced dosing was needed with an identified target dose of 300 mg nightly . The study did not assess craving nor withdrawal, although these were proposed targets for the rationale in selecting quetiapine. These promising findings in this open-label trial served as the basis for a larger placebo-controlled trial investigating quetiapine for the treatment of CUD in the outpatient setting that recently completed enrollment, with completion of the trial and results pending (NCT01697709). Other atypical antipsychotics, including olanzapine and clozapine, have been explored for their impact on CUD in the context of co-occurring chronic psychotic disorders with mixed though mostly negative results. This topic is reviewed in more detail in a previous paper (Gorelick, 2016) .
Oxytocin
A recent small placebo-controlled pilot by Sherman et al (2017) explored the role of oxytocin in enhancing psychosocial treatment for CUD. Oxytocin is a hypothalamic neuropeptide that has a critical role in social cognition and behavior. Previous studies have demonstrated that oxytocin reduces craving for cannabis in humans (McRae-Clark et al, 2013) , and endocannabinoid signaling appears to mediate oxytocin social reward (Wei et al, 2015) . Individuals with CUD received either oxytocin or placebo intranasally before three sessions of MET for the treatment of CUD. There was no overall treatment effect of oxytocin on mean daily cannabis use amount between sessions; however, there was a significant decrease in cannabis use on the day oxytocin and MET was administered as compared to placebo. The authors concluded that oxytocin may enhance the effects of MET on cannabis use outcomes. A limitation of the pilot was the lack of assessments for confirmatory cannabis biomarkers (urine cannabinoid testing) and prosocial behavior (the proposed mechanism of action).
CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS
Summary
On the basis of the current available literature of placebocontrolled trials for CUD (Table 3 for summary), there is laboratory evidence suggesting that mirtazapine and quetiapine reduce some symptoms of cannabis withdrawal, though these medications do not effect cannabis use. Zolpidem and possibly benzodiazepines, like nitrazepam, may be useful in targeting sleep disturbances as a result of cannabis withdrawal. Oral THC, nabixmols, and nabilone have evidence for targeting global cannabis withdrawal. Nabilone may be useful in preventing relapse but has yet to be tested in the clinical setting, and nabixmols requires further study with maintenance dosing in the outpatient setting to determine its longitudinal effects on cannabis use. Topiramate (though poorly tolerated in adolescents), gabapentin, NAC, and chronic dosing of naltrexone have demonstrated reductions in CUD or prevention of relapse in small (eg, gabapentin) or targeted patient samples (eg, NAC in adolescents) but have not yet shown efficacy in larger, adult samples. The recent trial of oxytocin, while demonstrating some positive results for enhancing existing evidence-based psychotherapy, is still too early to determine its clinical utility. Figure 1 visually depicts the current medications that have sufficient evidence in the off-label treatment of CUD and cannabis withdrawal.
Looking at the nuances of each of these trials, including key secondary analysis findings and taking into account systems of care issues, such as costs of medications particularly at higher than FDA-approved doses for nonapproved uses, may prove to be the most fruitful in terms of individualizing current off-label clinical applications for CUD treatment. As some examples, studies have found important differential treatment effects based on gender McRae-Clark et al, 2015) , age (Gray et al, 2017) , severity of use (Mason et al, 2012; Bentzley et al, 2016) , impulsivity (Bentzley et al, 2016) , medication adherence (Bentzley et al, 2016) , and tobacco cigarette smoking (Haney et al, 2013a) . Accounting for these key factors and identifying additional ones in future research serves three functions: (1) presents an opportunity to target these factors directly with other treatments to improve the effectiveness of a current treatment; (2) match subgroups of patients to treatments that may be more helpful; and/or (3) measure and publish the results of these characteristics in treatment trials for CUD to better our understanding. These factors also suggest that no one treatment will likely be sufficient for all patients. Targeting these patient characteristics that differentially impact treatment will likely improve treatment outcomes.
Commonalities Across Studies
The studies to-date all share inclusion of severe spectrum cannabis use, high attrition over the course of the study even in the context of psychosocial interventions to improve engagement, and low rates of abstinence. These commonalities present obstacles with regards to the identified goal of finding medications to treat CUD. It should be noted that many of the negative clinical trials for candidate medications in the treatment of CUD were under-powered, due to a small number of participants randomized, in conjunction with high attrition over the course of the study. As a result, these negative trials are not definitive in excluding medications in the treatment of CUD.
Heavy Cannabis Users
While inclusion of heavy cannabis users who meet criteria for cannabis dependence by DSM-IV (as compared to abuse) or severe CUD by DSM-V potentially increases the likelihood of detecting a difference in reduction in cannabis use in addition to ensuring successful treatment across the severity of illness in the context of a positive trial, it also targets a population that is likely more refractory to treatment and less responsive to interventions. Patients with more severe/'heavy' substance use are generally more difficult to treat (Simoneau and Brochu, 2017) . As a consequence, finding a clinical signal is less likely as the patients are less likely to respond to the intervention. These negative trials may be 'excluding' medications based on their negative results in the treatment of severe CUD while they may demonstrate clinical utility and positive results if used in the treatment of mild to moderate CUD. It is possible that some of the medications investigated to date would prove to be more effective in mild CUD and lighter users who are looking to abstain or reduce use.
High Attrition
Researchers have attributed the high dropout rates to the fluctuating and low motivation to quit or reduce use in addition to ambivalence to remain in treatment Levin et al, 2011) . Several investigators have noted that although heavy marijuana users meet criteria for CUD, they are less likely than other substance use disorder populations to endorse the need for treatment (Levin et al, 2011) . In addition, given that cannabis users commonly make numerous unsuccessful quit attempts independently , this may reduce their confidence. While psychosocial interventions, such as MET, have been included in treatment studies to address this, most of the studies continue to see high dropout rates. Continuing to identify baseline characteristics that may predispose individuals to leaving treatment (impulsivity, low confidence, changes in motivations, co-occurring behavioral health disorders like ADHD, and so on) and mitigating them is a promising avenue of future research.
Abstinence as the Main Outcome
Finally, while many studies have looked at abstinence as the primary outcome, few participants achieve this. More studies have found reductions in use, although often not more so than in the placebo-treated group. As a clinical end point, reduction in use is likely a reasonable goal in the treatment of CUD, and has been a reasonable outcome in the medication treatment studies of other substance use disorders (Garbutt et al, 1999) . However, at present, there is not a consensus around what constitutes clinically meaningful reductions in cannabis use. Future research should explore functional outcomes that correlate with changes in cannabis use to better inform our conclusions about promising medications for CUD. Ideally, to do this, research is needed to better quantify objective measures of changes in cannabis use through biological assays of bodily fluids (urine, saliva, and blood) and link these changes to patient-centered subjective outcomes, such as functioning or quality of life. While most of the clinical treatment studies measure creatinine-adjusted urine cannabinoid levels and report 'negative' urine testing, none quantify how self-reported reductions in use correlate with changes in the urine cannabinoid levels. Further, human laboratory work has demonstrated that time of day, in addition to other factors, influence urine cannabinoids, which is currently not being addressed in the treatment setting (Smith et al, 2009) . Urine cannabinoid levels are the only biological assay currently being assessed in the treatment trials. Future work might consider incorporating other biological assays, such as saliva, where there is great interest given its ease of supervised collection and potential for road-side testing (Lee, 2014) . Algorithms of changes in biological cannabinoid levels and self-report may be developed to get a more detailed understanding of changes in cannabis use.
The Research Process
There also emerge some general issues that should be explored around the process of research to better understand future directions for the field. First, much of the rationale for medication selection has been phenotypically driven in the clinical trials for CUD in top-down process, based on gross observations of symptoms, rather than a bottom-up process, based on the underlying neurobiology. One such example includes the selection of bupropion as a target agent. Observing that nicotine and cannabis withdrawal have overlapping symptoms (phenotypes) led to the hypothesis that a medication for tobacco-smoking cessation may help with cannabis-smoking cessation, but those symptoms are caused by relative or absolute reductions in very different biochemicals. A well-developed and cultivated partnership between the preclinical models of CUD medication treatment with the clinical research groups will allow for a more cohesive and systematic approach to medications development for CUD. Until this occurs, we will likely continue to be dependent on using clinical similarities as a crude compass. Following this, the rationale behind the selection of candidate medications is not always rigorously connected in a clear way to the outcome measures used or the study design. If a medication is postulated to be effective because it may improve symptoms of cannabis withdrawal that would thereby reduce use, cannabis withdrawal measure(s) should be tracked in conjunction with changes in cannabis use. A challenge we face (at least for now) is our dependency on clinical presentation and self-report of symptoms (phenotypes) that overlap with fluctuations in human behavior, experiences, and co-occurring disorders, particularly outside the human lab and in the clinical treatment setting. Given this, our scientific approach needs to be consistent with our reasoning and attempt to disentangle the many possible factors contributing to observed behaviors and self-report of symptoms. To accomplish this, we as a field, should agree upon measures to use across studies and how to report them, particularly as it relates to withdrawal symptoms if withdrawal is a consideration in the mechanism of action by which the medication has an effect. To this end, as society changes and policies shape the current cannabis landscape, how individuals consume cannabis evolves. The access to edibles, vaping, and dabbing all have the potential to change pharmacokinetics and pharmacodynamics of THC in addition to the impact they may have on overall volume of cannabis consumed. Quantifying this both biologically and through self-report needs to be considered in study design. The best metrics for reporting cannabis use should be determined to reach a consensus in the field, as there are currently a range of ways in which this is reported (eg, 2 consecutive weeks of abstinence, percentage of negative urines, so on). As an example while most studies consider grams of cannabis used per day, consideration into other metrics, such as dollars per day, may be more accurate assuming higher-potency THC products are more expensive. At present, the most reliable approach may be length of use each day or frequency of days of use per week. Second, increased coordination of the work conducted in the laboratory and the clinical treatment settings may increase the positive (and negative) predictive value of the laboratory findings. If the human laboratory setting is to serve as the first line in predicting the safety and possible efficacy of a medication in treating CUD, a model that includes abstinence initiation (as well as relapse prevention) and a dosing schedule that is more likely to be adhered to (one or at most twice a day dosing) may be more likely to demonstrate clinical benefit from a purported therapeutic medication in the outpatient treatment environment. While many patients might benefit from an inpatient admission for the treatment of CUD, the reality is that at least in the United States, 86% of patients presenting with cannabis as the primary problem are referred for treatment in an ambulatory care setting, with either reduction in use or abstinence initiation as the first step in treatment (SAMHSA, 2016) . Thus, targeting relapse prevention without including abstinence initiation in the laboratory setting may not have direct applicability to many of the CUD patients seeking treatment. Further, as CUD is a chronic disorder, medication treatment, even in the acute and subacute phases of clinical treatment, will be dosed more than once. As seen in the lab studies of acute vs chronic dosing of naltrexone, laboratory medication dosing should also, as much as possible, closely mirror treatment in real-world settings. In addition, while participant populations across laboratory and clinical trials share similarities with regards to the extent of their cannabis use, criteria for CUD, and related consequences, there are a number of important differences identified between treatment-seeking and non-treatment-seeking cannabis users that may impact the effects of medication (Pacek and Vandrey, 2014) . As identified in current studies, differences in gender, age, history and frequency of use, quit attempts and duration, experience of withdrawal symptoms, and number of reasons for making quit attempts are different in participants in the human laboratory as compared to the treatment research setting (Pacek and Vandrey, 2014) . The overall monetary compensation (a strong driver of human behavior) differs across human laboratory and clinical treatment studies as well. Future studies might consider modeling abstinence initiation or reduction in use in the laboratory setting, consistently using chronic medication dosing, and brainstorming thoughtful and ethically designed hybrid laboratory-treatment studies.
More than Withdrawal
Finally, it appears that treating withdrawal is not sufficient as a monotherapy to reduce use and initiate abstinence, at least in severe cannabis users. Future work should make use of medications with different proposed mechanisms. Some candidate medications include fatty acid amide hydrolase inhibitors, serotonin 2c agonists, and high-affinity CB-1 partial agonists. As with most chronic diseases such as diabetes, hypertension, or major depressive disorder, only the mild spectrum of pathology is easily treated with monotherapy, while more moderate to severe cases, such as those currently representative in CUD clinical trials, require combination strategies that work by different mechanisms of action to generate improvements. The combination results in synergies that ultimately have a clinically meaningful effect. While some studies have begun to explore medication combinations, more work is needed in this area.
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